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ABSTRACT

A breadboard instrument was developed for the purpose of establishing the
feasibility of a novel and unique type of theodolite with far greater
dynamic pointing accuracy than is possible with conventional theodolites.
This report documents the results of the test and evaluation and the
measurement techniques employed. The report discusses design deficien-
cles of the breadboard instrument along with recommended improvements for
future development of an operational instrument.
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INTRODUCTION

BACKGROUND

Requirement analyses performed over the last decade at WSMR have continued

to indicate a growing need for a very high-accuracy space position measuring
system. Conventional or "mechanical" theodolites cannot provide the required
dynamic accuracy, and it has been established that current "state-of-the-art"
manufacturing techniques and materials cannot adequately support the develop-
ment of a mechanical theodolite that will limit or compensate for its own
mechanizal dynamic errors to +2 arc-seconds without employment of a high-
performance error monitoring and recording system. Much has been written
(sec Table 1) about the "principle of optical compensation" and the proto-
type cinetheodolite design which meets the high dynamic accuracy require-
ments by means of this concept.

The WSMR Cinetheodolite system design goal was "“to provide a capability for
passive determination of vehicle position with a precision of +1.0 to 1.5
feet at altitudes of 100,000 to 150,000 feet at selected sampling rates up
to 50 per second." This objective in terms of range support from a trajec-
tory measurement system, when translated intc instrumental pointing accuracy,
indicates the development of a theodolite with a static pointing accuracy
of 2 to 5 seconds of arc and a dynamic accuracy of 3 to 6 seconds of arc.
It is the latter objective, the dynamic accuracy, that required a radical
change in theodolite design concept. It has been the experience of most
cinetheodolite users that a 5 to 15 arc-second static instrumental accuracy
in a dynamic situation is degraded to 20 to 45 arc-seconds because of
bending and other mechanical distortions of the instrument resulting from
high tracking rates and other aspects of the operational environment.

There have been recent claims by instrument manufacturers of static pointing
accuracies equivalent to that of the WSMR Cinetheodolite. However, the claims
are based on structural analyses performed by the manufacturer and not on
comprehensive tests. Even if such accuracies were established under initial
laboratory conditions, it is highly unlikely that the mechanical theodolite
with its dependence upon ultra-precise preloaded bearings could maintain
this accuracy long without serious degradation due to '"wear" under normal
field conditions. If by some miracle this static accuracy could be main-
tained in the field with a mechnical theodoiite, the most stringent per-
formance requirement remains: dynamic pointing accuracy. No manufacturer
of a mechanical theodoiite has ever publicly quoted (as of December 1969)

a figure for the dynamic accuracy of their instrument at moderate or high
tracking rates. This is because, in all the approaches proposed, the
dynamic accuracy is exceedingly difficult to achieve, and such a claim
would be difficult to substantiate, as this report indicates in the section
titled "Accuracy Evaluation," without the development of a sophisticated
test complex.
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The WSMR Cinethedolite is able to achieve its dynamic accuracy through a
fundamentally different approach to the cinetheodolite design problem. Al-
most all angle-measuring systems rely completely upon mechanical rigidity,
precision of bearings, tube stiffness (or stiffness of a radar dish? and
other mechanical constraints for the basic instrumental accuracy. (One
possible exception to this generalization may be the phased-array radar.
However, it should be noted that the static pointing accuracy of a modern
radar does not exceed the dynamic pointing accuracy of the conventional
20-year-old cinetheodolites still in use on national test ranges.) In the
use of such instruments, it is further assumed that the instrument does

not tilt on the azimuth bearing, that the antenna or the optical system does
not wobble about the elevation bearing, that no flexure occurs while the
fnstrument is moving, and that the precision that is built into the instru-
ment is maintained under both static and dynamic conditions. These assump-
tions are simply not true, and, within the constraints of the strength of
available materials, it does not appear to be feasible to build an instru-
ment that will maintain stability in the low arc-second region when subjected
even to moderate tracking dynamics. The WSMR Cinetheodolite, on the other
hand, utilizes a principle that takes into account the fact that there will
be deformations of the theodolite frame and that there will be errors intro-
duced by mislevel, azimuth bearing runout, elevation bearing wobble, bending
due to acceleration and gravitational effects, and many other sources. The
instrument design also assumes that the nonrotating base of the instrument
is not stable, i.e., that the structure upon which the theodolite rests is
moving with respect to the earth and, indeed, that the earth is tilting.

No instrument, planned or proposed, other than the WSMR Cinetheodolite,

has any hope of compensating for all of these sources of errors.

THE WSMR CINETHEODOLITE CONCEPT

The WSMR Cinetheodolite compensates for these errors by means of an internal
optical orientation system that operates as described in the following
paragraphs.

Referring to Figure 1, the first critical element of this system is the
Gravity Reference Mirror (GRM) system (4). This device consists of a
damped spherical pendulum supported by an air bearing, with an optical

flat normal to the longitudinal axis of the pendulum. The GRM system has

a demonstrated capability to define the local gravity vector within 0.2
arc-seconds, and to eliminate variations in this vector, if the frequency
of the forces causing these variations does not exceed the natural fre-
quency of the pendulum. (The breadboard GRM has a natural frequency of
approximately 1 hertz.) The GRM establishes a plane normal to the gravity
vector immediately beneath the WSMR Cinetheodolite. Earth tremors, motions
of the supporting pier, and other perturbations, as long as their amplitude
and frequency are within the permissible excursions of the GRM, will not
affect the orientation of this plane.
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The basic cinetheodolite design utilizes this precise reference in the
following way: a target is engraved on the rear surface of the "mislevel
objective"” lens (5) located in the nonrotating base of the cinetheodolite.
This surface also corresponds to the rear nodal point of the lens, which

is located one-half focal length from the front surface of the GRM. The
target 1s 11luminated by a high~intensity flashlamp (3). The optical effect
of this arrangement 1s that a collimated beam of light emerges from the
"mislevel objective." The direction of this beam is insensitive to tilting
of the "mislevel objective" and forms the basic reference for the WSMR
Cinetheodolite.

This column of light (called the fiducial image beam), after emerging from
the mislevel objective, monitors azimuth bearing runout and other azimuth-
derived sources of error. This beam of 1ight is then displaced by a peri-
scope assembly (7) in the horizontal plane, while maintaining verticality,

in order to pass through a dual penta-prism system (8), splitting the fidu-
cial beam into two to monitor perturbations of the elevation axis. Misalign-
ment, bearing wobble and runout, and other sources of error produced at

this point yield a displacement in the ultimate position of the fiducial
image, thus providing a means by which the errors may be eliminated.

After monitoring elevation-axis errors each of the fiducial image beams
passes through a pair of beam-splitting devices (9), each of which is also

a dual penta-prism assembly. These devices are designed so that, if

angular motion occurs, the centroid of the two resulting images is constant.
Inasmuch as there are two of these assemblies, four images result from the
single beam with which we started. These four beams are directed to the
primary mirror (10), to the secondary mirror (11), the combining prism (12),
erecting lens (13), 90° deviator (14), and on to the film at the focal plane
of the camera. In this way, the single fiducial target on the "mislevel
objective" produces four fiducial images at the focal plane. These four
images form the fiducial reference against which the position of the missile
image is measured. Since the missile image and the fiducial beams are all
acted upon in the same manner by the main optical system (by tube bending

or gravitational effects on the primary mirror cell), the relative posi-
tion of the missile image, with respect to the fiducials, will be essentially
independent of primary effects.

A similar situation exists for the azimuth and elevation graduated circles.
These scales are optical flats precisely engraved with 0.2-arc-second gradua-
tion accuracy. The scales (16 and 17) are illuminated at two points on a
diameter by flashlamps (1 and 2). The resulting images are directed by

means of penta-prisms and plane mirrors into the main data train. To

remove eccentricity errors, the angular indices are derived at two points

on the diameter, in the same manner as the numerical data, and are processed
through the data train in an identical fashion, except that the beams do

not pass through the main optics.




The data presented to the focal plane of the WSMR Cinetheodolite thus
consists of the missile image, four fiducial images, and four scale readings.
The other design features of the WSMR Cinetheodolite are more or less con-
ventional, although completely modern and representative of the current
state of the art. The operator's guide scope incorporates significant
human engineering improvements in that the operator faces forward, views
with binocular vision through a single objective, and is not required to
move his head during the tracking process. The annular platform is a
separate unit, isolated from the instrument in order to further reduce
mechanical motions introduced into the theodolite by the operator and con-
trol equipment. The camera and camera contro' system provide a 50-sample-
per-second capability which operates in synchronism and phase with range
time.

This discussion of the basic principle of operation of the WSMR Cinetheodo-
lite is a simplified version of the actual means by which the instrument is
rendered insensitive to mechanical deformation, and serves only to i1lus-
trate the manner in which this is accomplished. More detailed descriptions
of the design concept, the principle ¢- optical compensation and the tech-
niques utilized to implement the principle, are to be found in WSMR docu-
ments indicated in Table I.

TESTING

The primary function of this report is to present data which have deter-
mined the degree to which the breadboard instrument meets the design objec-
tive, to present the evaluation of the WSMR Cinetheodolite breadboard
instrument in terms of the design objectives, and to discuss the data
analyses which form the basis of the evaluation. This is done by discus-
sing subsystem performance with a strong accent on subsystem deficiencies.
This type of format may seem a somewhat negative way of describing the
performance of a new and unique instrument, but it must be remembered

that the breadboard instrument installed and tested at WSMR was not expected
to perform as a completely developed fieldworthy instrument. The primary
intent of the instrument was to determine the feasibility of the concept and
indicate the problem areas needing special attention for further developinent.
As this report indicates, the design concept is thoroughly validated, and
minor as well as major problem areas are delineated. The rationale for

this type of approach was to make the report as useful as possible to
personnel involved in future development of the instrument rather than to
justify .he development per se.

Since the delivery and installation of the breadboard instrument at WSMR,
July 1967, considerably more time has been devoted to the development of
precise measurement techniques than has been given to the test and evaluation
' of the instrument itself. This is not surprising when considering that in
i the 30 or more years of theodolite history it is only recently that the Test
Ranges have become interested in making measurements of dynamic instrumental
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pointing accuracy. This new requirement also coincides with a new require-
ment for making measurements in the field with accuracies previously achieved
only in the laboratory. The impact of the dual requirement, at first,
produced some confusion and many abortive attempts by the task team to
formulate meaningful test procedures and provide adequate instrumentation
to implement the tests. Much of the difficulty stemmed from the fact that
the manufacturers of optical laboratory instrumentation have never been
particularly concerned about the dynamic response of their instrumentation;
e.g., the Hilger-Watts Autocollimator, long used as a standard for high-
precision measurements at WSMR, was thought, prior to the WSMR Cinetheodo-
lite evaluation tests, to have a flat response up to approximately 10 hertz.
It was late in the test program before it was discovered that the usable
bandpass of that autocollimator, as well as other available autocollimators,
did not exceed one hertz. It is easy to see how misconceptions such as

the example given can have disastrous effects on a test program.

It 1s unfortunate that this report cannot treat extensively the measurement
techniques developed by the WSMR Cinetheodolite test program because this
information would probably be of much interest to people involved in the
test and development of theodolites. The reason for not including this
information is simply that the evolution of an optimum or reasonably effi-
cient test program is still in process here at WSMR and will probably con-
tinue for a year or more or until a production prototype is delivered.

It is expected that a separate report on cinetheodolite testing methods

and the WSMR Cinetheodolite test complex will then be published.




e

aasia s

Preceding page blank

MAIN OPTICAL SYSTEM




MAIN OPTICS

CONFIGURATION

The main optical system, i.e., the optics which image the missile in the
film plane, consists of a Cassegrain telescope, a field lens, erecting
lenses, and focusing plates. The telescope (illustrated in Figure 2) is

a 76-inch focal length, f/6.5 (f/8.2 with the primary mirror obscuration
caused by the secondary mirror) system consisting of a 26-inch focal-length,
paraboloidal primary mirror made of fused quartz and a 9.6-inch focal-length,
hyperboloidal secondary mirror. The secondary is held in place by a thick
flat plate of optical glass, rather than a metal structure, in order to
eliminate one source of diffraction effects. A flat mirror set at a 45-
degree anglie reflects the light from the secondary to the telescope's prime
focus point at the side of the telc.cope tube. At this point there is a
field lens. This is also the point at which the 1ight from the optical

data train for the graduated circles s focused and joins the 1ight from

the missile. The light continues f-om the field lens to an erector lens
shown in Figure 3, which collimates -, that light can pass through the next
glass plates and wedges properly. fFirst such plate has a wedge cemented
to it that deviates the fiducial beams by the proper amount but leaves the
rest of the 1ight undeviated. A prism then turns the entire beam by

ninety degrees, and the light passes through another glass plate holding

a wedae whose function is to split off the graduated circle beams. The
light s then refocused by the second erector lens, whose eventual focus
point is at the film plane. Between this lens and the film plane, however,
there is a filter disk and a set of focusing plates. The filter disk
contains s1x different optical filters, any one of which may be placed in
the 1light beam. The focusing plates allow the system to be focused on
objects as close as 2000 yards from the instrument, while not affecting

the focus of the fiducial and index images or the graduated circles.

The image-forming capability of the main optical system, at least in the
theoretical model, is fairly close to being limited by diffraction for
objects near the optical axis. There is a small amount of axial chromatic
aberration. Off axis, there is some curvature of field, distortion, and
lateral color. Other aberrations seem to be virtually absent. The per-
formance of the actual as-built cinetheodolite, however, must inevitably

fall somewhat short of the theoretical due to tolerance build-ups incurred

in manufa turing and assembly. Because of this, after the cinetheodolite

was fabricated and assembled, the main optics were tested at the contractor's
plant.

TESTS
Conventional Tests

The image distortion was determined by photographing a square test pattern
through the optical system and measuring the deviation of the lines. Dis-
tortion is a critical aberration as it pertains directly to the instrument's
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FIGURE 2 MAIN TELESCOPE
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scale factor and, hence, its accuracy. It amounted to a maximum of 0.8
arc-seconds of barrel-type distortion. Curvature of field was determined
by making visual and photographic observations of the same test pattern and
of resolution charts, and noting the variation of the "best focus." The
maximum field curvature found by this method was about 0.008 inches, which
was considered completely acceptable.

Resolution and contrast testing was then conducted by photographing a
high-contrast and a low-contrast target. The target patterns were the
standard square three-bar arrangement, providing a series of resolution
steps from about one second up, in ratios of 1.12 to 1. Twenty steps of
resolution patterns were available, with each step oriented in two ortho-
gonal directions. The pictures were made on Kodak high-resolution plates,
which prohibited testing with the red filters in the optical system because
of the spectral sensitivity of the emulsion. Therefore, only the clear and
yellow filters were used. In order to eliminate loss of resolution due to
vibration and air turbulence, a powerful electronic strobe 1ight was used
to 11luminate the resolution targets. Exposure times oi the order of one
millisecond were then made possible.

Testing was carried out in three areas of the field of view of the optical
system: in the center, in the "zonal" intermediate areas, and near the
edge. The developed plates were then examined under high-power microscopes,
and the smallest clearly discernible target patterns were identified
(separately for horizontal and vertical patterns). Since the optical system
focal length was known, it was a simple matter to convert the measured
resolution in microns to seconds of arc. The tabulated data from four
photographs, with all four possible combinations of two filters and two
contrast ratios, are given in Table II.

The following comments summarize the information that can be gleaned from
the data in Table II.

1. Area Comparison - From the grand average line and the area compari-
son line just below it, it is seen that resolution is about the same over
the entire field, although at the bottom (1.8 seconds), and at the left
(1.7 seconds), it is slightly inferior to the remainder of the field (1.3
to 1.5 seconds).

2. High Versus Low Contrast - Both kinds of readings are averaged on
two lires and at the far right are the grand averages, which are 1.59
seconds for high contrast and 1.55 seconds for low contrast. The difference
is not significant. This is an indication that the optical signal-to-noise
ratio is quite good.

3. Clear Versus Light Yellow Filters - On the next two lines of Table

I1 are averaged the respective readings through these filters. To the right
of these two lines are the grand averages, 1.60 arc-seconds for the clear

13
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TABLE I1. RESOLUTION PICTURE ANALYSIS

Contrast Filter Top Right Center  Bottom Left Grand
V N VY KN Y KN Y N Y H Averspe

High Clear 1.3 2.6 1.3 0.3 1.3 .72 1.3 13 1.2 1)

High L. Yel. 1.3 1.3 1.3 1.3 1.3 2.2 1.3 2.2 1.3 2.9

Low Clear 1.3 1.3 1.3 1.3 1.3 1) 2.6 2.2 V1)) 2.6

Low L. Yel. 0.3 1.3 1.3 0.3 1,3 1.3 1.3 2.6 1.3 1))

Grand Average 1.3 1.6 1.3 1.3 1.3 1.6 1.6 2.0 1.4 2.0

(Area Comparison) 1.9 1.3 1.9 1.8 1.7 1.%6

High Contrast 1.3 20 1.3 1.} ) 2.0 1.3 1.8 1.8 2.0 1.9

Low Contrast 1.3 1,3 L3 1) 13 1) 2.0 2.4 1.3 2.0 1,88
Clear Filter 1.3 20 1.3 1.3 1,3 1.5 2.0 1.8 1.8 2.0 1.8
Light Yellow 1.3 1.3 1.3 1.3 1.3 18 13 2.4 1) 20D 1.4

Grand Average of Vertical Lines = 1.38 seconds
Astigmtic Information
Grand Average of Horizontal Lines = 1.73 seconds

lonal 1.3 1.3 1.6 2. 1.58
Axfal 1.3 1.6 1.48
Rim 1.3 1.6 1.4 20 1.9

Spherical and Coms [nformetion

Al tabular values represent finest lines cleerly resolved and are
expressed in seconds of arc.




filter and 1.54 for the yellow filter. Again the difference is insignifi-
cant and indicates that the telescope optical system does not have excessive
chromatic aberration.

4. Astigmatism - The grand average of the vertical target patterns
showed 1.38 seconds resolution and that of the horizontal lines, 1.73
seconds. The difference, 0.35, represents a smal) and tolerable amount of
astigmatism,

INTERF EROGRAMS
A final test of the overall optical system performance was conducted by
raking intorfcro?rams through the system and then analyzing them. I{ had
bec~ planned earlier to make a series of pictures of an "artificial star”
and analyze the resulting diffraction patterns, but because of vibration
and other prodblems, 1t was found to be impossible to obtain usable pictures
in the manufacturer's facilities.

Figure 3 shows & schematic diagram of the setup used to make the inter-
ferograms. The “laser optical tester" is a tiny interferometer that can

be attached to the end of a gas laser and placed at the eyepiece or in the
film plane of an optical instrument. A rugged steel weldment with fine-
adjustment provisions was bolted to the side of the cinetheodolite, and

on 1t was mounted & gas laser to which was attached the compact interfero-
meter. As the focal plane of the cinetheodolite is relatively inaccessible,
s flat prismatic deviator was mounted just over the film plane to bring

the {mage plane outside the instrument. A large optical flat was used to
reflect the 1ight emerging from the front of the telescope back through

the system and, thus, “double pass"” the system with the laser 1ight. Testing
wds done with the telescope tube oriented both horizontally and vertically.
The interferogram pictures were made with a Polaroid camera.

These pictures ware subsequently analyzed with the aid of a computer program
written for that purpose. The picture is a compound of the wavefront de-
formities coused by the instrument being tested, the deformities caused by
the test equipment, and the arbitrary orientation of the interferometer.

The computer program must mathematically remove the latter two factors be-
fore the interferogram can meaningfully relate to the instrument being
tested. This {s done by determining the fringe count at a uniformiy
distributed scatter of points across the photograph and inputting this
information with the X and Y coordinates of each point. The computer then
prints a “map” of the actual wavefront, with symbols representing increments
of fringes, and the actual separation between consecutive symbols printed
out at the top of the page.

Figure 4 is a representation of this map on which contour lines have been

drawm. The average reference plane is denoted by a O symbol. The num-
bers (1, 2, 3 and so on) indicate that at those points the wavefront is

15
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"advanced" that number of fringes ahead of the average plane. The letters
(A, B, C and so on) mean that the wavefront is retarded 1, 2, or 3, or
more fringes, respectively, behind the average wavefront. In actuality,
the worst error is the edge near "4 o'clock” which is retarded 3 fringes
(as shown by the letter "C"). There is a lesser depression of two fringes
on the left, just above the centerline. On the other hand, there are four
"plateaus"” showing a rise of one fringe (from number "1") and just one
spot that shows a "mountain peak" of two fringes. The vacant area in the
center of the interferogram corresponds to the occluded Cassegrain spot on
the objective, and the vacant area on the right rim at "3 o'clock" cor-
responds to the occlusion caused by the mask sheltering the four small
penta-prisms that deviate 1ight from the cinetheodolite mislevel objective.

Figure 5 shows a hand-drawn cross-section of the interferogram map down

the vertical centerline. The sectional view brings out the dips and

rises in the wavefront that are depicted by contour lines on the map of
Figure 4. Having a section of the wavefront, one may draw a line tangent

to it at any point, with due allowance for arbitrary scale factors. Like-
wise, the normal to the wavefront at the same point represents the direction
of a ray of light at that point, and the collimation in seconds of arc can
be directly determined from measurements of this wavefront. The computer
was programmed to do this over the entire map rather than at just one
selected cross-section, and the result is shown in Figure 6, a representa-
tion of the computer-printed "Decollimation Graph," in increments of
integral arc-seconds. In this figure, the number 2, for example, means that
at thgt point of the wavefront that particular ray is decollimated by two
seconds.

Since the direction of every ray at every spot, and the focal length of

the system are known, the data can be converted to a spot diagram (Figure
7). Unlike the other printouts, which were in a sense pictorial represen-
tations of what was taking place at the entrance pupil, it iz a representa-
tion of what takes place at the film plane. If a single ray lands on some
spot, there is a number "1." If seven of the original 600 rays hit the
same spot, a "7" shows on the printout. Ideally, all the rays should pile
up on dead center, but even the slightest deformation of the wavefront will
cause decollimation in that area. This program automatically scales the
spot diagram and prints the scale on the first 1ine (13 microns to the
inch). Knowing the wavelength and the focal length, one can also draw in
the scale for seconds of arc. On this diagram, one second equals 0.877
inch.

Examination of the spot diagram shows a scattering of spots off to the left
at about a 15-degree angle. This follows directly from the wavefront
interferogram (Figure 4? where the narrow contour lines of greatest change
of the wavefront per unit distance are also at about a 15-degree angle to
the vertical. This somewhat oval tlur indicates a small amount of astig-
matism in the system.

17
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FIGURE 7 SPOT DIAGRAM AND HIT FREQUENCY
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The computer was 2150 made to determine the radius to each hit and total
the n r of hits in cach ring bounded by radial increments. This {s
printed as a graph to the right of the spot diagram, using the same verti-

ca) scale of 13 microns to the inch. A curve of hits per unit area is ploited

on the final computer printout shown in Figure 8. The vertical scale was
carried over from the preceding plots, and the horizontal scale was arbi-
trarily chosen. A vertical scale of seconds of arc is superimposed on this
graph.

This last luminosity graph permits one to predict the resolution of the
optical system. If a criterfon similar to the Rayleigh criterion is used
(namely that the radius of the Airy disk equals the resolution), then one
could similarly say that the 1ine which included half the area under the
luminosity curve could be used to denote resolution. On this basis, one
would expect about 0.7-second resolution, but the diffraction losses are
not yet taken into account.

All the work described so far was based on geometric optics. In the more
realistic world of physical optics, results may vary from ray diagrams be-
cause wave motfons can strengthen each other to form energy peaks or inter-
fere to cancel out altogether. An optically perfect 12-inch aperture
telescope would still have a 1imiting resolution of 0.52 second according
to the Rayleigh criterion. This {s based on the well-known formula

Ra l:82A
— 5

where R 1s the resolution in radian measure, lambda the wavelength of the
1ight being used (0.6328 micron), and A is the aperture or objective diame-
ter. dExprtssing all in the same unit (microns) and converting radians to
seconds,

1.22 x 0.6328

g 2 = (.52 second .

Adaing diffraction error, 0.5 second, to interferogram-measured aberration
losses, 0.7 second, a resolution of 1.2 seconds should be expected. As
already seen, resolution measured by analyses of target patterns varied
between 1.3 and 2.6 seconds, averaging 1.56 seconds. This shows good
agreement with the theory. The small discrepancy could be accounted for
bg residual chromatic aberration and internal flare (neither measurable by
the interferogram), or simply by subjective variation in evaluation of
resolution target patterns.
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GRAVITY REFERENCE MIRROR SYSTEM
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THE GRAVITY REFERENCE MIRROR SYSTEM

CONFIGURATION

The heart of the WSMR Cinetheodolite instrument is the Gravity Reference
Mirror (GRM) system whose function is to maintain a vertical collimated
11ght beam from which the reference fiducial images are formed. Because
of surface irregularities and unequal distribution of mass in the earth's
crust, the gravity vector at different geographical points does not
represent a "true vertical" to the accuracy required by the WSMR Cine-
theodolite System. The relationship between the "true vertical” and

Jocal gravity, however, has been determined at Bill Site and is stable
enough to permit utilization as a reliable reference system. At WSMR,
simple mercury pools have been used to establish and maintain a vertical
reference and are still used in some applications. The primary reason
that a mercury pool was not used in the WSMR Cinetheodolite was the low
reflectivity which would have added tc the problems of the "light-starved"
optical data train. The reflectivity of pure mercury is 76 percent, but
this value decreases rapidly with even a slight amount of surface oxidation.

The GRM, a pendulum whose upper surface is a highly reflective flat mirror,
is supported on a gas bearing as shown in Figure 9. The critical components
are two glass pads separated by the bearing fluid which supports the upper
pad. The lower surface of the upper pad and the upper surface of the lower
pad have been worked so that these surfaces are spherical and conform very
accurately. A pendulous stem is attached to the upper pad and extends
downward through a hole in the center of the lower pad and into a recep-
tacle containing damping fluid. Other components include the housing,
leveling Tegs and air inlet fittings. The assembly behaves Tike a simple
damped pendulum of length equal to the radius of curvature of the spherical
surfaces. The device is made into a vertical reference element by rotating
the upper pad about a vertical axis and adjusting the balance of the upper
pad until no deviation of the normal to the mirrored flat surface is noticed
with this rotation. When balanced, it remains level within about 0.1 arc-
second over a base tilt range of several arc-minutes. The damping fluid is
used to prevent flutter of the pendulous mass that might be caused by minute
air flow irregularities and to absorb any energy imparted to the pendulous
mass by geoseismic or other perturbations, especially those occurring near
the natural -sonant frequency of approximately 1 hertz. The GRM is shown

in Figures 10 through 12.

Supporting equipment for the gas bearing of the GRM consists of a dry air
supply assembly, which includes a Bell & Gosset oil-less air compressor,
Mode]l SYC 010-IAD; a small Air Draulics Company storage tank; a Hanna
Company o011 and water trap and regulator; a King filter, Model 1/2 20 RG;
a King-Visi-Guard dryer, Model 1716-1; the final pressure regulator; a
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Hasting Mass Flow Meter, Model 4LF-5K; and the required hoses, fittings
and pressure indicators. The air flow rate is not critical. However,
smoothness of air flow is critical since perturbations in air flow are
coupled to the pendulous mass. Air flow rates from 3000 to 5000 cc per
minute are acceptable, but performance at the rate of 3500 cc per minute
is optimum. The compressor is located outside the building, and the other
components are installed below the cinetheodolite near its main concrete
mounting pedestal. The compressor supplies air at 160 PSIG to 175 PSIG to
the small storage tank which helps to remove pressure fluctuations and
removes some moisture during humid weather. The air then passes through
the filter and trap which removes any oil and more moisture, the preregula-
tor which decreases pressure and further decreases fluctuations, the
renewable desiccant to remove remaining moisture, and the final regulator
which removes any pressure fluctuations remaining and controls the air

flow rate to the GRM. This air flow rate is monitored by the flow meter.

GRM TESTS
Static Tests

Two GRM's were delivered to WSMR by the contractor. The static tests were
performed on GRM #1 in order to determine its long-term stability. The
test site first selected was a remote telescope site, T-5, thought to be
well isolated from the effects of vehicular traffic and other seismic
disturbances associated with range work areas. The apparatus was set up

at T-5 site as shown in Figure 13  Outputs of the tilt meter, the dual-axis
autocollimator, the pressure transducer and the thermistors were recorded
on the six-channel 1ink oscillograrn. Time and air flow were manually
recorded on the oscillograph at half-hour intervals. Readings from the

two Hilger-Watts autocollimators were recorded. The long-term stability
test ran approximately 175 continuous hours. Near the end of this time,
the GRM was rotated several times, in 120-degree increments, to test
orientation with respect to the local gravity vertical. Following the
long-term stability test, the GRM was replaced by an optical flat, attached
rigidly to the pier floor, to calibrate motion of the pier. Tests indicated
the T-5 site pier supporting the instrumentation was in a constant whip-
lash type of motion with a magnitude of 0.75 to 1.50 seconds of arc. Less
overall motion occurred with the GRM than when an optical flat replaced

it, indicating the GRM was reducing the vibrations of the pier floor. The
physical configuration of the pier suggested that floor motion was less
than instrumentation motion, which 1mplied a maximum GRM motion of several
tenths of an arc-second. Because the tests at T-5 could not give the
absolute position of the GRM as a function of time, its position with
respect to gravity vertical was determined within one-tenth of a second

of arc by means of a series of azimuth rotations of the GRM.

29

o e e e i A i




MERCURY
POOLS(2)

KOLLMORGEN DUAL
AXIS AUTOCOLLIMATOR

(2)HILGER-WATTS
AUTOCOL LIMATOR

o
©
|| GRM TEST
FIXTURE PLATE’
: K&Eg ,
) TILTMETER

a Y 9 L XY
ot . e L8,
@ . 0 e, 1,9

Q 4, Qe g .
. . * :.' *
. ' . oD
ok ' h\\l ine
¥ 2o
-"I.- .L" \ 'I..-.:";:-.. ¥
Ve v ) .
PO . w A TR R
« B s . l--.'.t
. ..1 :
- oyt
.. ; .-‘.‘
SR >
q“ .:.'. t
Vg T
I-‘. I"'." 'ﬁ
R
ooy ‘r "11":
i : u'l;‘:.‘
- .1 Le # I+.‘
"':I‘.. 2 LR,
.. -r'. ."ﬂ'
.,.. L_" :.. .‘:
::.'.'_h.. ‘_:\_‘I: .,..l
x.. N .I' il W .n.
* . Tl
L] ¥ ..... -~ il
i LR & . e
'-"'l ." L '." .
. L s L II - .I.
&5 *° I-u'. Patt o,
.I-‘_‘* i .'t.. :-.- ‘...;..'
. i ol ¥ : I'--
-n- i ‘11- '
J "8
i ‘. L] : ¥

N SR, FLOOR
et A U LEVEL

e g N
»

FIGURE 13 TEST APPARATUS AT T-5 SITE
30

TR L. T LS TP TT TLLLSC T W WOUN PO TR AN ey g o e gy




In an attempt to obtain an instrument pier without the whiplash problems
of T-5, the cinetheodolite pier at Bill Site was tried next. Despite the
rigid construction of the Bill Site pier, whiplash of two arc-seconds
between the GRM top and the pier bottom occurred. The test was conducted
in the same manner as at T-5 site. A Hilger-Watts autocollimator fixed to
the pier top monitored the motion of an optical flat fixed to the pier
floor. The tests at Bill Site indicated that an 1solated pier of minimal
height must be found to reduce pier motion. A sunken, 1solated pier

in the optical tunnel in Building 1554 met al) criteria and was utilized.
With the test setup shown in Figure 14, the Hilger-Watts autocollimator
was rigidly mounted 15 inches above the pier floor. Motion between the
collfmator and floor was approximately one-tenth of a second of arc or
less, except for short-term motions of several tenths of an arc-second,
possibly due to road traffic. The results obtained at Building 1554
indicated that with the GRM mounted on a stable platform relatively free
of seismic motion the long-term stability of the GRM is approximately
+0.1 arc-second for periods 1n excess of 200 hours.

Dynamic Tests

The static tests, although providing a measure of long-term stability
required prior to the star tests, provided no information as to how the
GRM would respond to specific inputs. The star tests or the static tests
of the instrumental pointing accuracy were performed under ideal quiescent
conditions without operators moving about and with complete absence of
theodolite motion while the stars were being photographed. These data
were of 1ittle use for evaluating the GRM's capability to compensate for
shock-excited pedestal motion when the theodolite 1s used as a tracking
instrument,

In order to determine the response of the GRM to small 1nputs approximate
in magnitude to actual shock excitation levels observed during the high-
acceleration dynamic tests, it was necessary to design and develop special
instrumentation. It was necessary to tilt the GRM base dynamically by

two arc-seconds over a range of frequencies considerably greater than

that of the GRM bandpass. This was accomplished by first fabricating a
special table and a magnetostrictive driver to provide a controlled

dynamic tilt to the table, illustrated in Figure 15. It was thought that

a table supporting the GRM, a suitable driver, a Hilger-Watts autocollimator
to monitor the table motion, and another autocollimator to monitor the cor-
responding motion of the GRM were all that would be required to derive

the small signal transfer function of the GRM. This was not the case.

When the autocollimator was set up, as 1n Figure 16, to monitor the dynamic
tilt table position, the first measurements indicated that the test system
had a bandpass of less than one hertz. As the electronics and the driver
response for the magnetostrictive driven tilt table were estimated to
exceed 60 hertz, the autocollimator response was highly suspect.
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To accurately determine dynamic position of the tilt table for a broad
range of frequencies, the table was equipped with differential capacitive
sensors and the autocollimator response was measured. The bandpass of
the Hilger-Watts autocollimator, as shown in Figure 17, was less than one
hertz. At first this would seem to nullify or render questionable much
of the previous GRM test data, if it were not for the fact that only average
position is required for long-term stability determination, and amplitude
measurements at the higher frequencies would not alter the results of the
static tests. Where the theodolite is used as a tracking instrument at
high accelerations and operating personnel are moving about, shock waves
with high-frequency components will be coupled into the GRM base to some
degree. Also when the theodolite is being used to track missiles, each
photograph represents a unique point in the trajectory and average posi-
tion of the GRM is of little use. Instantaneous and exact amplitude and
phase angle error of the GRM are required. With the autocollimator dis-
credited because of its limited bandpass, 1t could not now be used except
to record initial conditions and to statically calibrate the electronic
sensor instrumentation. Instead, a special capacitive sensor system was
fabricated to monitor the instantaneous angular position of the GRM
relative to its base. It is shown installed on the GRM in Figure 13. The
complete test setup used 1s shown in Figures 19 through 21.

For the inpu: signals, the sensor was in the form of a d:fferential
capacitor, with one isolated plate above and the second isolated plate
below the table top. For the output signals, the sensor was also a dif-
ferential capacitor, which consisted of a pair of isolated plates, the
mirrored surface of the pendulum, and a pair of grounded plates. It

was mecunted on top of the GRM. The individual differential capacitors
were connected to separate bridges, so that their two sections became
separate arms of their respective bridges. Thus, any unbalance of either
bridge produced an output proportional to the direction and magnitude of
the tilt angle. Conventional amplifiers were used to amplify the outputs
of the bridges. With a capability of measuring input and output amplitude
and phase over a bandw:dth greatly exceeding that of the GRM response,
tests were conducted with the results shown in Figures 22 and 23. To
determine the optimum damping, an empirical course of action was followed,
and the effect of each change was determined by plotting a frequency
response curve. This procedure determined the proper viscosity of the
silicone 0il along with the most suitable depth of the oil in the dashpot
(Figure 24).

It is obvious from shock excitation observed at the GRM base during moments
of high acceleration that either a GRM more independent of base tilt should
be developed or that means for isolating the GRM from shock frequencies
higher than one hertz should be employed. An in-house 2ffort to solve this
problem is continuing. To more accurately identify the pretlem, a transfer
function was derived for the manufacturer's recommended conditions. i.e.,
with the GRM pendulum stem extending 5/8 inch into 100 centistoke oil.
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The transfer function was obtained from the frequency response curve by
approximating the plot with straight 1ines having slopes that were multi-
ples of 20 dB per decade. In conjunction with the straight lines, a plot
of the phase shift was also used. It was of value in analyzing and deter-
mining the probable number and general character of any break points in
the plot. For the GRM's under test, the straight line approximation was

a second-order curve with a slope of -40 dB per decade. This gave the
general form of the transfer function as

K(o )

G(S) =
32 + ZE,me + wsl

where ._ was the break frequency or the undamped natural frequency. The
term XiQ ‘)was the damping ratio. Changing the general equation by sub-
stituting S = j., the transfer function becomes

K
6(juw) = — A —
(L )2+ 25 ap(3-) + 1
“m wm

The value of K was found by determining the dc gain when ju = 0. Then

1
G(j-) =
- (= e i (h)

m m

In this equation, the damping ratio ¢ was the only quantity not known and
its ralue was obtained by use of the curves of damped oscillatory move-
ments which are shown in Figures 25, 26 and 27. These curves were
generated by the GRM's after they were shocked into oscillation and

allowed to come to rest. From them' we obtained delta (:) by the reiation-

ship of
¥ s 5.]—
ez x2

Then this value c¢f - was used to obtain ¢ by

B

[f the constants are collected for GRM #1, they can be substituted to
obtain 4 specific solution to the equatien. Using Figure 14 to find Wy and
Figure 25 to obtain - the equation is as follows:
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63 )
1 - 0.0204," + 3(0.0041w)

From the frequency response tests, the following characteristics were
also derived.

1. Bandpass - The bandpass includes all frequencies from zero to a
point 3 dB down. Using this criteria, the bandpass was taken as 1.6 hertz.

2. Resonant Frequency - The resonant frequency of both GRM's was
1.16 hertz.

3. Damping Factor - From the curves of Figure 25 and Figure 27, the
damping factor for GRM #2 was 0.035 and for GRM #1 was 0.014. Such low
damping factors provided for greater freedom of movement, but they also
permitted the GRM to oscillate for 14 or 15 seconds after it had been
shocked into oscillation. From the curves of Figure 26, the use of
1000-centistoke silicone oil at a depth of 1-3/8 inches on the stem of
the pendulum was recommended. More severe damping was tried, but it
increased the phase lag of the pendu'um which resultad in a greater delay
before the GRM responded to external disturbances. Therefore, less
damping along with a smaller phase lag was considered optimum for the
GRM. The transfer function for this degree of damping (¢ = 0.35) is

1

G(jw> = 2

]-—1—9-*0.] Jw
GRM SYSTEM DEFICIENCIES

1. Poor Frequency Response - Refer to section titled "Main Optics."

2. Inadequate Isolation of GRM - Cinetheodolite azimuth accelerations
were coupled to the GRM in varying degrees. The maximum peak-to-peak
shock-excited GRM oscillation did not normally exceed 0.8 arc-second.
Occasionally, however, such oscillations reached approximately 2.0 arc-
seconds peak-to-peak.

3. Defective Air Compressor - The air supply compressor required
two overh u'-. A better air compressor is required or a more efficient
final flow rate regulator must be obtained or both. The present regulator
controls flow by dumping the excess, thus wasting appreciable amounts of
dry, pressurized air.

' 4. Defective Flow Meter - The Hastings Model LF-5K mass flow meter
' failed and was replaced with a Brooks Rotameter Type 2-1110-7901.

5. Desiccant Unit - The desiccant required changing approximately
every third day. An automatic desiccant regenerating system {s desired.

48

o™




DATA TRAIN
49




OPTICAL DATA TRAIN

CONFIGURATION AND THEORY OF OPERATION

Theodolite error theory has been discussed in detail by several authorsz"‘4.
The equations that have been developed from theodolite error theory for

the correction and calibration of azimuth and elevation angle errors assume
perfect mechanical rigidity in the theodolite. Since this is a somewhat
unrealistic assumption, a conventional cinetheodolite will have a certain
amount of inaccuracy caused by mechanical distortions, especially in a
dynamic situation.

The WSMR Cinetheodolite, unlike other cinetheodolites, does not depend
solely on the mechianical integrity of the instrument for its accuracy.

It does take all the advantages of a well-designed mechanical instrument,
but also incorporates an optical compensation system. In addition to com-
pensating for static bending and earth movement, this system compensates
for errors introduced into the system by the dynamics of tracking. These
errors are listed below and are noted in Figure 28.

1. Collimation error due to lens whip.
2. Elevation error due to lens sag.

3. Standards error due to unequal trunnion standards height, thermal
effects, and bearing errors.

4. Azimuth index error due to elevation bearing errors and trunnion
standards twist.

5. Mislevel, azimuth bearing error, and overturning moments on the
azimuth bearing due to elevation acceleration.

6. Relative motion between the earth and the instrument base.

This optical error compensation system or optical data train is shown in
Figure 29 and its operation is as follows.

The first element in the train is the GRM discussed in the section titled
“The Gravity Reference Mirror System."

The next element in the train is the gravity reference collimator. The
lens is designed so that the rear nodal point is at the outer surface of
the rear element. An illuminated target is located at the nodal point.
The reflecting surface of the GRM is placed one-half the focal length of
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the misievel objective away from the target. This allows the i1mage of
the target to be formed by the GRM at the focal point of the lens. Thus,
}1ght from the target forms a collimated beam after passage through the
ens.

Two properties of this system are important. The first is that the direc-
tion of a line from the focal point of the lens to the rear nodal point

is always perpendicular to the surface of the GRM. The second is that,
since the direction of this line defines the direction of the collimated
beam, the beam remains vertically oriented regardless of any tilt of the
collimator lens. Emerging from the vertical reference collimator is a
beam. of collimated 1ight which is very accurately normal to the local
level surface, and remains so regardless of pedestal tilt within the
limits of +2 arc-minutes.

3 The azimuth graduated circle recording system is mounted above the mslevel
objective. Figure 29 shows how both sides of the circle are 11luminated

and how the output light beams are deviated 90 degrees toward the center of
the instrument. One of the 90-degree deviators that intercepts the light

passing through the circle is a plain penta-prism and the other is5 a roof
penta-prism. The result of having a roof penta-prism on one side of the
circle and a plain penta-prism on the opposite side is shown in Figure 30.
If there is any circle eccentricity, the effect noted at the f1lm plane
A will be that the information from one side of the dial will move in a di-

rection opposite to that of the information from the other side of the

dial. To compensate for eccentricity, the mean position of the two gradu-
ated circle marks on the film is measured. After leaving the 90-degree de-
viator, the light beams carrying the dial information are collimated These
beams strike the surface of the quadrant prism assembly and are directed

toward the rhomboid deviator. From this point on, the light beams from
the azimuth circle and the vertical reference target follow an identical
path.

The collimated beams then pass through the rhomboid deviation assembly.
This assembly serves merely to offset the optical path. An optical off-
set is required because of the mechanical configuration of the instrument
This 1s the most critical element in the instrument because 1t represents
a compromise in the design and it does depend on mechanical constraint for
its stability. As long as the two flats of this deviation assembly remain
accurately parallel, the beam emerging from it will renain vertical no
matter how the deviator is tilted.

The neat optical element through which the collmated light Deans pass 15
4 90-degree deviator assemdly. TInis assembly 15 shown 'n Figure 3| It
is made up of two penta-prisms mounted si'de by side, une ot which is a
norma | penta-prism and the other a roof penta-prism. The penta-prisms
have the well-known property that they are conslanl devialing systens with
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respect to rotation about the z-axis as shown in Figure 31. The behavior
of the 90-degree deviator with respect to rotations about the x-axis is
shown in Figure 32. The direction of the average of these two beams is
that which defines the direction of the horizontal axis of the theodolite.
This direction 1s insensitive to all tilts of the instrument.

The next assembly in the optical data path is the elevation circle recording
system. Compensation of elevation circle eccentricity is i1dentical to

that for the azimuth graduated circle. Light beans from the elevation
graduated circle and the vertical reference target enable forward misleve!
error compensation. A forward mislevel of the instrument causes every
component in the elevation circle data system, shown in Figure 33, to
rotate in the direction of the forward mislevel. This motion does not,
however, have any effect on the direction of the rays in the space beyond
the two plane mirrors. Therefore, if one fixes the components of the
elevation circle to a coordinate system, a forward mislevel w11l not cause
any motion of the graduated circle images. The i1ndex marker, however, is
fixed in space and is not dependent on the elevation circle data sysiem
for its position. The forward mislevel then does cause a deviation between
the images formed by the elevation circles and the elevation index image
formed by the vertical reference target. This deviation is equal to the
mislevel experienced by the instrument; hence, we get the proper compensa-
tion of the graduated circle reading. The proper direction of the index
deviation also had to be selected. The beam coming out of the plain penta
side of the penta-prism assembly gives the proper direction, and was se-
lected to form the elevation index image.

After thc elevation graduated circle data enters the optical path, the rdys
that will form images of the azimuth dial, elevation dial, azimuth index,
and elevation index pass through an image-forming lens and are focused at
the point of focus shown in Figure 29.

Referring again to the 90-degree deviation assembly, part of the light
coming out of the roof penta and part of the remainder of the light coming
out of the plain penta is intercepted by two smaller 90-degree deviators.
These two deviators direct the beam toward the primary mirror of the Casse-
grain objective. The pointing axis of the instrument 1s defined by these
90-degree deviators in a manner analogous to the way the horizontal axis
is defined by the first 90-degree deviators. The second set of deviators
rotates about the elevation axis, thus always directing the heam toward
the primary mirror of the Cassegrain objective. The vriginal two beams of
light from the first 90-degree deviator are split into four beams by the
second set of 90-degree deviators. The pointing axis is defined as the
average direction of these four beams. This direction is insensitive to
any mechanical errors or deflections of the instrument whatever
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FIGURE 32 900 DEVIATION ASSEMBLY - X AXIS ROTATION
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The four beams of light from the second 90-degree deviators fall upon the
primary mirror of the objective, which forms in the focal plane four images
of the vertical reference target. The light entering the main optical
system follows the same path to the focal plane as these four beams. Con-
sequently, any motion of the lens system affects the positions of the four
reference images and the main image in the same way, and no error is in-
troduced by these motions. A1l images formed by the circle recording sys-
tems, the vertical reference target, and the main optical system are
brought to the point of focus shown in Figure 29. From that point on, the
remainder of the optical system serves to focus and position the images.

TESTS

No specific optical data train tests were conducted at WSMR. In essence,
the optical data train was tested in its entirety throughout the accuracy
evaluation detailed in the section titled "Accuracy Evaluation." In
addition, comprehensive testing of the main optics was conducted at the
manufacturer's plant as detailed in the section titled "Main Optics."
DEFICIENCIES

The performance of the optical data train was adequate to accomplish the
accuracy evaluation of the WSMR Cinetheodolite, but there are some data
train deficiencies that need to be corrected in the production pilot
model and follow-on units. These are as follows.

Fiducial Images

1. The images are 700 microns in diameter, at least an order of
magnitude larger than the optimum size.

2. Because of the high T-number (low 1ight transmission) of the
optical data train, the contrast of the images to the background is low.

3. Some of the images are asymmetric.
Dial and Bar Images
1. The bar images are not accurately parallel.

2. Because of the high T-number of data train, the density of the
bar images 1s not uniform and there is insufficient contrast.

3. Some of the bar images are very asymmetric.

These deficiencies are such that the attainable measurement accuracies
are not compatible with the accuracy goals of this system.
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Field of View

The field of view of the data train is too narrow and causes obscuration
of the dial bars to the extent shown in Figure 34. This causes a certain
percentage of the frames of data to be unusable.

DATA TRAIN REDESIGN

A contract was awarded to Keuffel and Esser Company to redesign the optical
data train to eliminate these problems. As a result, the following improve-
ments will be made.

1. The size and shape of the small triangular apertures will be
changed. This will result in improved contrast, resolution, and symmetry
of the images.

2. The fiducials and the dial data will be imaged at a higher magni-
fication. This will result in improved precision of measurement.

3. The fiducial images will be reduced in size from 700 microns to
200 microns diameter. This also will result in improved precision of
measurement.

4. Chromatic aberration resulting from wedges and Tlenses will be
greatly reduced since no wedges will be used in the new system.

5. The method of presenting the dial data will be changed to allow
more precise measurements with fewer readings.

6. The fiber optics used in the fiducial and circle illumination
system will be eliminated and a new improved light source will be used.
This will result in improved image quality.
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DIAL AND FIDUCIAL ILLUMINATION SYSTEM

BACKGROUND

The primary requirement of the WSMR Cinetheodolite photographic recording
system is that it must image fiducial marks and dial data on the film with
sufficient density and sharpness to permit accurate and reliable data
reduction from the film. In order to "freeze" the motion of the dial and
prevent blurring of the dial image at moderate azimuth and elevation
velocities, the dial image exposure must take place in 100 microseconds

or less. For the fiducial images, the lower image velocities even at high
tracking rates permit exposures of up to 1 millisecond. As long as the
exposure time does not exceed 20 percent of these maximum values, the
symmetry of the intensity curve about the midpoint in time of the exposure
does not have to be considered; this was the case with the breadboard
instrument. As the light that forms the images must travel through the
very high f-number optical data train photographic system, a high-inten-
sity flashlamp was indicated. Three flash heads, a fiducial flash head
assembly, an elevation dial flash head assembly and an azimuth dial flash
head assembly with appropriate high-voltage power supplies, comprise the
i1lumination system of the breadboard WSMR Cinetheodolite. In attempting
to meet the 50-frame/second flash rate requirement for readable dial and
fiducial images, the contractor encountered many problems. He only suc-
ceeded in flashing the lamps at five frames per second, and this was
accomplished only for a brief period. The following is a summary of some
of the problems experienced by the contractor.

1. The initial design called for the EG&G FX-31 strobe lamp as a
source of illumination for the optical data train system. Preliminary
tests disclosed that the illumination level was far below that needed
%o rgcord the elevation dial data on Eastman Kodak Linagraph Shellburst

LSB) film.

2. Testing was resumed with an FX-76 20-watt lamp which is approxi-
mately five times brighter than the FX-31 lamp. Input energy was increased
to three joules per flash to obtain enough density on the LSB film. A con-
denser system was also designed especially for the FX-76 lamp, but a new
Bausch and Lomb glass fiber bundle gave better results than the improved
condenser system. These tests were also conducted on the elevation dial
data train. With the lamp rated at 20 watts, a maximum pulse rate of only
seven flashes per second was possible, while a pulse rate of 50 flashes
per second 1s required. A marginal density was obtained through the No. 29
red filter, by operating at 6.7 joules per flash, and the lamp could only
be operated at three flashes per second. It was suggested using multiple
lamps fired sequentially, but that would have required 17 lamps at three
flashes per second to obtain 50 flashes per second.
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3. Tests were started using the FX-24 lamp which has flat ends, the
idea being to place the fiber optic bundle against the flat end for better
light concentration. The FX-24 lamp proved to be brighter than the FX-76,
requiring a six-joule input to obtain a satisfactory film density with
one flash, This required the FX-24 to operate at a 300-watt rating and
the lamp overheated badly. The flashlamp supplier suggested a water-
cooled lamp such as the FX-748-1.5; however, tests with this lamp proved
that it was inferior to the FX-24. Its arc was not positionally stable
and seemed to separate. The FX-74B-1.5 flashtube proved to be wholly
unsatisfactory.

Testing was resumed with the FX-24 lamp in distilled water coolant. When

photographing through a clear filter, three joules per flash were required.
At 50 flashes per second this would amount to a 140-watt output, and in

ten minutes operating time it would raise the heat of one quart of water
37°F. ]Tests were also run on the time duration of the flash and are listed
in Table III.

TABLE III. ENERGY/TIME REQUIREMENTS

Joules Volts Microfarads Time Duration
6.3 1,900 3.5 9 microseconds
6.0 1,500 5.6 13 microseconds
6.0 900 15.0 20 microseconds

From earlier tests it was discovered that five times more 1ight was
needed to 11luminate the fiducial than the elevation dial. Consequently,
1t was felt that 16.5 joules with a 5.5-microfarad capacitor at 2,430 volts
would suffice for the worse case (red filter) of the fiducial images.

Actual tests were next run to determine the quality of the four fidu-
cial images in a single flash. Nine joules were required for a satisfactory
image using the clear filter, and 13 joules using the light yellow filter.

4. Table IV lists the calculations for effective f-nuders.
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TABLE IV. F-NUMBER CALCULATIONS

Effec-
Refract. Reflect tive Energy
f-No. Surfaces Surfaces f-No. T.L.N. Stops Needed
Index 201 34 7 388 1(base) O(base)
Fiducial Pp 210 34 1N 566 2.13 1.09
Fiducial Pr 210 34 12 585 2.27 1.44
Fiducial Rp 210 34 12 585 2.27 1.44 9 joules/
flash
Fiducial Rr 210 34 13 646 2.78 1.48
Elevation Data 200 28 4 322 0.68 -0.55
Elevation Bars 200 28 5 342 0.77 -0.37 2.9 joules/
flash
Azimuth Data 200 34 8 433 1.25 0.32
Azimuth Bars 200 34 9 462 1.42 0.51 5.3 joules/
flash

In Table IV, Column 1 is based strictly on entrance pupil area and
equivalent focal lengths, to get the familiar reciprocal relative aperture,
or f-number.

Column 2 totals the number of refracting surfaces in each particular
optical path, for which we assume 1.5 percent loss of light at each glass-
to-air surface.

Column 3 totals the number of external reflecting surfaces for which
we assume 12.0 percent loss of 1ight per surface,

Column 4, the "effective f-number," is calculated from the three
preceding co'umns.

Column 5, T.L.N. (Times Light Needed), with index images as an
arbitrary base 1.
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Column 6, "Stops," are photographic stops from the same base. One
stop means doubling or halving of the light. This film (LSB) appears to
have a latitude of slightly over plus or minus one stop from "best"
exposure.

Column 7 lists recommendations based on tests to date. The nine
Jouies would suffice for all fiducials. The index images, on the same
lamp, might be a 1ittle overexposed, but could be filtered down.

The 2.9 joules would suffice in the clear for the evaluation data
and bars (both on one lamp). As a better alternative, the lamp could be
run at 4.4 joules and utilize a 1.5 filter-factor light yellow filter to
reduce lateral color.

The 5.3 joules suffices in the clear for both azimuth requirements
(one lamp); or, use 8.0 joules with the same 1ight yellow filter for the
same reason.

At 5.8 joules with an 8-microfarad capacitor, the pulse width was
approximately 10 microseconds. Higher voltages and lower capacity give
shorter pulse widths, but spontaneous flashing of the lamp occurs when
operating above 1,700 volts.

5. Tests were continued with the FX-24 lamp operating under high-
power conditions.

The first tests were made with distilled water. One of the results
of the tests showed that the metal electrodes of the lamp could not be
immersed in water.

In the first test, the lamp was operated at 50 watts for seven
minutes. The temperature of the water, which was not recirculated, rose
to 160°F.

In the second test, a pump was added, circulating the water at one
pint per minute. The lamp was operated at 50 watts for seven minutes
and the temperature of the water rose to 100°F. In both tests, the lamp
showed no deterioration.

In the third test, the power was increased to 174 watts. The lamp
operated for 4-1/2 minutes and then stopped flashing. Investigation
showed that the solder used to seal the glass to the metal electrode
melted, and the xenon gas escaped. The section of the lamp which was in
the water showed no deterioration.

A liquid freon compound was obtained and test showed that the 2antire
lamp could be immersed with satisfactory operation.
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Tests were run with the lamp cperated at the 174-watt level. The
lamp withstood three tests of five minutes each without failure. The
temperature of the freon rose approximately 10°F. Localized boiling was
noted around the quartz tube rather than at the electrodes.

A larger power supply was not available for higher power tests.

Several new FX-24 lamps were purchased which had larger electrodes
and could stand more heat. Transistor heat fins were also procured which
fit over the tube and provided a larger cooling area.

The foregoing tests established that the 50-per-second capability
could not be realized in the short time remaining in the breadboard
development phase and liquid-cooled flashlamp system with reduced perform-
ance requirements was purchased. The contract specified a rate of 10
flashes per second and a life of 10,000 flashes with a design goal of
100,000 flashes. Although the flashlamp did not satisfy even the reduced
requirements, the system's performance established feasibility of the basic
WSMR Cinetheodolite concept.

CONF IGURATION

The flashlamp system consists of three flastk heads and t.o power supplies
as follows.

1. Fiducial Flash Head Assembly.

2. Fiducial Lamp Power Supply (PS-190).
3. Elevation Flash Head Assembly.

4. Azimuth Flash Head Assembly.

on

Elevation/Azimuth Lamp Power Supply (PS-191).

The flash heads are installed on the cinetheodolite (see Figure 1). The
PS-191 s mounted on the annular platform and PS-190 is installed in an
electronics cabinet at the ground level.

THEORY OF OPERATION

Flash Head Assembly
A1l three flash heads are electrically identical to the one illustrated

in Figure 35. Each assembly consists of an enerqgy storage capacitor of
20.1-microfarad capacity, an FX-51 xenon flashlamp, and a trigger circuit.
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Figure 36 is a photograph of the FX-51 flashlamp. Figure 37 shows both
types of flash heads. The mechanical features of each flash head are

a sealed chamber filled with a fluorocarbon coolant and an expansion
chamber, separated by a neoprene diaphragm. The expansion chamber is
dimensioned to permit a rise of internal bulk temperature to 165°F. The
base plate of the flash head is fitted with sealed glass windows for light
transmission. The fiducial flash head has one window, and azimuth and
elevation flash heads have two each.

Internally, the fiducial flashtube (Type A) is mounted in such a fashion
that its end abuts the light exit window. The dial flashtubes (Type B)
are mounted between two sealed periscopes so that the two 1ight beams
emitted from the tube ends enter their respective periscopes and are
deflected 90° to exit the chamber in parallel beams.

The high-intensity light flashes are directed from the windows through
fiber optic conduits to their respective targets in the optical data
train.

The fiash heads operate as follows.

Energy from the power supplies is conducted to the flash heads shown in
Figure 35 through the connecting cable and charges the 20.1-microfarad
capacitor to 1,350 volts.

At the same time a small capacitor is charged to 300 volts dc. This
capacitor is connected in series with a trigger transformer and a silicon
controlled rectifier (SCR). When the SCR is turned on, the capacitor is
discharged. The discharge current in the primary winding of the trigger
transformer induces 15 kilovolts in the secondary winding, which is con-
nected t- the irigger wire of the flashtube. At the flashtube, this
voltage .nizes the xenon gas in the tube envelope rendering it conductive.
The energy stored in the 20.1-microfarad capacitor can now discharge
through the flashtube. This discharge converts the energy into heat and
light. The heat is distributed by the coolant, permitting three minutes
of continuous operation at a flash rate of five flashes per second, and
after one minute of cooling, a second run of three minutes. The system,
under these operating conditions, has a large margin of safety with
regard to temperature.

Power Supp . .nd Trigger Amplifier

The two power supplies are identical electrically, except that the PS-190
has a single output and the PS-191 has a dual output. The power supply

and regulation circuitry are shown in the block diagram of Figure 38. The
power supply proper consists of a power transformer, a high-voltage recti-
fier bridge and a current-1imiting resistor. Line voltage from the input
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power connector is fed to the primary winding of the power transformer
through the two SCR's which are gated by the control and regulation cir-
cuits. The resultant ac voltage in the transformer secondary is converted
in the diode bridge rectifier to 1,350 volts dc and fed through the output
connector to the energy storage capacitor in the flasn heads. The voltage
across the energy storage capacitor is campled through a 10-megohm resistor
to serve as an error signal for the regulation circuit. The rate at which
the storage capacitor is charged is controlled by a unijunction transistor
timing circuit. This circuit operates as fcllows. A full-wave rectified
but unfiltered voltage is fed through z constant current amplifier to the
timing capacitor connected to the emitter of the unijunction transistor.
The capacity and current source are so chosen that the unijunction tran-
sistor fires on every half cycle at a phase angle sufficient to charge

the storage capacitor to the desired voltage within 90 milliseconds. The
feedback current from the 10-megohm resistor turns a transistor off when
the desired voltage (1,350 volts) is reached at the capacitor bank. This
prevents the unijunction transistor from reaching the firing voltage.

Whenever the unijunction transistor fires, a gate pulse is coupled into

the two control SCR's, turning on the one in phase with the supply voltage.
This permits current to flow in the primary of the high-voltage transformer.
The power for this circuit and the trigger amplifier is derived from a
low-voltage transformer and is regulated to 20 volts dc with adequate
filtering. This voltage is interlocked through the flash heads, in order
to prevent unloaded operation of the power supply. The trigger amplifier
inverts the trigger signal and amplifies it to sufficient power to gate

on the SCR in the flash head trigger circuit.

TEST RESULTS

During the static and dynamic pointing accuracy tests, the three flash
heads were fired a total of 51,348 times (17,116 x 3). Twelve flash

head faiiures occurred. Their useful 1ife is indicated in Table V. Eight
were repaired at WSMR and four were returned to EG&G for repair. Three

of the eight flash heads repaired at WSMR had fractured xenon flashtube
envelopes and the other five had miscellaneous trigger circuit failures.
New flash heads failed to fire approximately 10 percent of the time and
misfire percentage increased with lamp deterioration. Although the flash
heads were rated at ten flashes per second maximum, they were operated

at the much low2r rates required for the static and dynamic pointing
accuracy tosts. No optical filters were used during the tests and slight
underexposure was noted on the test plates. More light is desirable if

no filters are used, and mandatory if filters are used. Lamp power supply
failures involved two SCR's in the main section and two rectifier diodes
in the logic section of one supply.
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Failure Date

February 68
February 68
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